FRMPD4 (FERM and PDZ Domain Containing 4) is a neural scaffolding protein that interacts with PSD-95 to positively regulate dendritic spine morphogenesis, and with mGluR1/5 and Homer to regulate mGluR1/5 signaling. We report the genetic and functional characterization of 4 FRMPD4 deleterious mutations that cause a new X-linked intellectual disability (ID) syndrome. These mutations were found to be associated with ID in ten affected male patients from four unrelated families, following an apparent X-linked mode of inheritance. Mutations include deletion of an entire coding exon, a nonsense mutation, a frame-shift mutation resulting in premature termination of translation, and a missense mutation involving a highly conserved amino acid residue neighboring FRMPD4-FERM domain. Clinical features of these patients consisted of moderate to severe ID, language delay and seizures alongside with behavioral and/or psychiatric disturbances. In-depth functional studies showed that a frame-shift mutation, FRMPD4 p.Cys618ValfsX8
Introduction
Intellectual disability (ID) affects 1-3% of the general population and is genetically heterogeneous (1,2) X-linked ID (XLID) conditions, resulting from mutations in genes on the X-chromosome, affect approximately 1.7 per 1, 000 males (3) (4) (5) . More than 120 such conditions have been described thus far, although only a part of these has been confirmed by appropriate replication and functional studies (6) . Understanding genetic causes and mechanisms of ID is likely to provide valuable insights into cognitive development and function in humans and suggest drug targets for a rational development of effective therapies (7, 8) . Identification of novel ID genes is complicated by extreme clinical and genetic heterogeneity (7) . With the characterization of those relatively common disease-causing genes to ID, it is anticipated that the majority of the remaining ID genes are rare and/or even private in a single family. The pace of new discoveries in the field has been accelerated through whole exome sequencing (WES) and whole genome sequencing (WGS) (8, 9) .
FRMPD4 is a neural scaffolding protein with abundant expression in the brain cortex and hippocampus (10, 11) . FRMPD4 consists of the N-terminal WW, PDZ, and FERM domains and the C-terminal PDZ-binding domains that interact with actin filaments, b-PIX, and PSD-95 (10, 11) . Studies have shown that the interaction of the C-terminal PDZ domain with PSD-95 is crucial for the formation of the excitatory synapses and dendritic spines (10) . Over-expression of FRMPD4 in hippocampal neurons was shown to increase dendritic spine density while decreased expression using gene knockdown methods was shown to reduce spine density of excitatory neurons (10) . Additional studies found that FRMPD4 creates a micro-domain that assembles mGluR1/5, Homer1, and proline-directed kinases (PDK) at the postsynaptic density of the excitatory synapses (11) . Direct FRMPD4 binding to Homer is necessary for the formation of a FRMPD4-Homer1-PDKs-mGluR1/5 complex (11) . PDK-mediated site-specific phosphorylation of mGluR1/5 enhances Homer1 interaction with mGluR1/5 and down-regulates mGluR5 signaling. Consistent with this hypothesis, frmpd4-KO mice exhibit enhanced mGluR5 signaling in the hippocampus (11) .
In this study, we describe systematic genetic and functional characterization of deleterious FRMPD4 mutations in 4 unrelated XLID families, and behavioral analysis of a line of frmpd4-KO mice on learning and memory function. Our studies indicate that these disease-causing FRMPD4 mutations result in a severe defect in dendritic spinogenesis in excitatory neurons and frmpd4-KO mice show deficits in hippocampus-dependent spatial learning and memory. Our results implicate a mechanism in which deleterious FRMPD4 mutations cause ID through a defect of dendritic spinogenesis in glutamatergic neurons resulting in a disruption of the excitatory synaptic transmission in the brain.
Results

Clinical and genetic characterization of a FRMPD4 mutation in a large XLID family
A recent exome-sequencing study of 405 XLID families identified a single base deletion of a cytosine at ChrX: 12734425 [hg19] in FRMPD4 in five male individuals of a large Caucasian family ( Fig. 1) and a FRMPD4 p.Cys553Arg missense mutation in a singleton (12) . Resulting FRMPD4 p.Cys618ValfsX8 mutation is predicted to cause a frame-shift and premature termination of translation 8 amino acids downstream ( Fig. 2A; 3A) . In this family, FRMPD4 p.Cys618ValfsX8 was found to segregate with mild to severe ID in four affected male siblings and one affected maternal uncle while their mother is unaffected (Fig. 1A) . These five patients (P1, P2, P3, P4 and P5) presented with developmental delay, mainly affecting their speech and language skills ( Table 1 ). All patients were slow learners and required special education. Four of them were oriented towards supervised employment. They remain dependent on their family members for daily living. Two siblings had tremor (P1, P2). Psychiatric disturbances consisting of aggressiveness were noted in P3 and P5. Generalized epilepsy of adult-onset was noted in one patient (P5). General growth parameters including occipitofrontal circumference (OFC) were normal. No distinct dysmorphic craniofacial profile was consistently appreciated in all five patients (Fig. 1B , C, and D). Brain MRI studies were completed in two patients indicating nonspecific anomalies: a white matter hypersignal in the left occipital horn in P2 and a left temporal arachnoid cyst (axial T1) in P5 ( Fig. 1C and D ; Supplementary Material, Table S1 ).
FRMPD4 mutations were found in five affected males from three additional XLID families
To further establish genetic evidence that deleterious FRMPD4 mutations cause ID in humans, we identified 3 additional mutations in five affected males belonging to three unrelated families through an international collaboration (Fig. 2) .
Family 2
Two affected boys (P6 and P7) with severe ID were found to have a $66 Kb microdeletion (chrX: 12515801-12581900 [hg19]) that removes the entire exon 2 of FRMPD4. Their unaffected mother is a heterozygote deletion carrier. This mutation is predicted to cause a FRMPD4 in-frame 40 amino acids deletion that includes the entire WW domain at the N-terminus ( Fig. 2B and C).
Family 3 X-chromosome exome sequencing was performed on probands from a cohort of XLID families (n ¼ 50). In one family, two maternal male half-brothers with severe ID were found to harbor a nonsense mutation, FRMPD4 c.856C>T resulting in FRMPD4
p.Arg286
*. This mutation is predicted to disrupt FRMPD4 FERM domain with subsequent truncation of the protein or reduced transcript levels caused by nonsense-mediated RNA decay ( Fig. 2A and C) . The unaffected mother carries the mutation as well as the mildly disabled sister of the probands (Fig. 2C ).
Family 4
X-chromosome exome sequencing identified a de novo missense mutation, c.1657T > C, p.Cys553Arg in a single male (P10) with severe ID (12) ( Fig. 2A and C) . This single base substitution involves a highly conserved amino acid residue at 3' of the FRMPD4-FERM domain and is predicted to be deleterious to the protein function (12) .
Thus, our studies identified three additional ID-associated FRMPD4 mutations which are also located in the N-terminal half of the protein like in the princeps family. All inherited mutations segregate with ID phenotype and are predicted deleterious.
Clinical phenotype of the patients
All affected males carrying hemizygous FRMPD4 mutations presented ID ranging from mild to severe (Table 1 ) and normal growth parameters including height (5/5) and OFC (6/6). Language disorders were consistent findings in our patients: all of them had delayed or absent speech. The mean age at independent walking was slightly delayed (18.5 months; min: 12 months; max: 30 months). Behavioral or psychiatric disturbances were described in seven patients, consisting of hyperactivity and/or aggressive behavior (4/9) or an autism spectrum disorder (4/9). Epilepsy of the grand-mal type or early-onset focal seizures were observed in 3 of 10 patients, while neurological examination was altered in some: tremor (2/6), spasticity with increased deep tendon reflexes (3/6) and ataxia (2/6). Strabismus was also reported (3/7). Nonspecific brain anomalies were observed by imaging studies in 4 of 5 patients (Supplementary Material, Table S1 ). Mild and variable Table S1 ).
FRMPD4 p.Cys618ValfsX8 shows reduced interaction with PSD-95 and Homer1
The FRMPD4 p.Cys618ValfsX8 mutation is caused by a single base deletion of a cytosine at position 12734425 of X-Chromosome.
This deletion is predicted to cause a frame-shift resulting in a truncated protein of 624 amino acids instead of 1322 ( . This is consistent with a lack of Homer binding site in this mutant. To assess functional effects of FRMPD4 p.Cys618ValfsX8 on FRMPD4 interaction with PSD-95, we co-transfected expression constructs of GFP-PSD-95 with myc-FRMPD4 or myc-FRMPD4 p.Cys618ValfsX8 in HEK293T cells and performed co-immunoprecipitation using a a-myc antibody.
As shown in Figure 3C , PSD-95 can be co-immunoprecipitated efficiently by FRMPD4-WT, but with a significantly reduced efficiency by FRMPD4
. This is consistent with lack of the C-terminal PDZ ligand in the FRMPD4 mutant. Furthermore, co-expression of FRMPD4
p.Cys618ValfsX8 appears to reduce binding of FRMPD4 with FRMPD4 overexpression in transfected neurons was shown to increase the density of dendritic spines (10) . This action of FRMPD4 requires its WW, PDZ and FERM domains, and the C-terminal PDZ ligand (10) . Correspondingly, decreased FRMPD4 expression in neurons by either knockdown or dominant-negative mutations have been shown to reduce dendritic spine density and excitatory synaptic transmission (10) . To determine the effect of FRMPD4 p.Cys618ValfsX8 on spine morphology and density, we transfected rat hippocampal neurons at DIV14 with myc-FRMPD4-WT or myc-FRMPD4 p.Cys618ValfsX8 plus EGFP or EGFP alone and visualized dendritic spines by immunofluorescence staining of EGFP (Fig. 4A ). We first compared spine density between the FRMPD4-WT and FRMPD4 Cys618ValfsX8 transfected neurons. As shown in Figure 4B , we found that overexpression of FRMPD4-WT construct increased spine density while FRMPD4 p.Cys618ValfsX8 failed to do so (Mean 6 SEM, n ¼ 19 neurons for EGFP only, 18 for WT, and 20 for Cys618ValfsX8, *P < 0.05, t-test). We next investigated changes in spine morphology between FRMPD4 WT and FRMPD4 p.Cys618ValfsX8 transfected neurons. We classified dendritic spines into four categories based on their morphology and maturity: mushroom spines, thin spines, stubby spines, and filopodia. Spine shape is an indicator of the strength of synaptic input (13) with mushroom spines thought to represent long-lasting synaptic inputs associated with learning and memory. As shown in Figure 4C -F, we found that overexpression of FRMPD4-WT resulted in an increase in mushroom spines but not in thin spines, stubby spines, or filopodia. FRMPD4 p.Cys618ValfsX8 did not increase mushroom or other spine categories. These results support the idea that FRMPD4 p.Cys618ValfsX8 disrupts FRMPD4 function of regulating both spine density and morphology through a loss of function mechanism.
Frmpd4-KO mice show deficits in hippocampusdependent spatial learning and memory (Fig. 5B) . Frmpd4-KO mice were found to have significant deficits in the Morris Water Maze indicating a hippocampus-dependent spatial reference memory deficit ( Fig. 5C and D) . As shown in Figure 5C , during the 5 days of training trials, the average time for mice to reach the platform decreased for both WT and KO groups. However, the time for the KO mice plateaus after day 2 whereas the time for the WT mice continues to decrease until day 4, when it also plateaus. The average time to reach the platform begins to diverge on day 3 (t-test, P ¼ 0.066) and is significantly different on days 4 and 5 (P ¼ 0.018 and P ¼ 0.0028, respectively), with the KO mice taking significantly longer time to find the platform. For the final probe day, the number of times the mice crossed over the previous location of the platform was significantly lower in the KO mice (number of platform crosses: Mean 6 SEM: WT, 7.2 60.75; KO, 4.5 60.82; n ¼ 15 for WT; n ¼ 15 for KO; t-test, P ¼ 0.02) (Fig. 5D ).
Discussion
We report on the human phenotype associated with 4 FRMPD4 mutations identified in ten affected males belonging to four unrelated families, describe functional consequences of FRMPD4 p.Cys618ValfsX8 mutation and provide evidence for alteration of hippocampus-dependent behavior in a KO mouse model. All pedigrees are consistent with X-linked transmission. FRMPD4 deficiency-related phenotype includes variable degree of ID and language disorders in patients presenting with normal growth and OFC parameters, nonspecific brain anomalies and mild dysmorphic features. Psychiatric disturbances, strabismus and seizures are present in some patients. All four mutations are rare and absent from public variant databases including dbSNP, the male-restricted portion of the 1000 Genomes, and the Exome Variant Server datasets (see web resources). Three FRMPD4 mutations including an exon deletion, a nonsense mutation, and a frame-shift mutation caused by a single base deletion, are predicted to result in FRMPD4 deleterious transcripts and/or protein products. By contrast, FRMPD4 (10) . This interaction is needed in the formation of excitatory synapses and regulation of dendritic spine density (10) . Our studies confirmed that lack of the C-terminal PDZ ligand causes reduced mutant FRMPD4 binding to PSD-95. Consistent with this finding, we show that FRMPD4 p.Cys618ValfsX8 lacks the ability to increase spine density in transfected neurons as compared with FRMPD4-WT. FRMPD4
p.Cys618ValfsX8 appears to negatively regulate FRMPD4 function on generation and/or maintenance of dendritic spine density at neuron levels. Dynamic regulation of number and morphology of dendritic spines is essential for maintenance of short-and long-term The total number of correct alternations divided by the number of total possible alternations was recorded and analyzed. (B) Blocked Arm test: one of the three arms was blocked, the test mouse was allowed to explore the 2 unblocked arms for 5 min followed by rest for 10 min. The test mouse was returned to the maze with all 3 arms open and allowed to explore for another 5 min. Data was analyzed for time spent in the arm blocked during the second trial (novel arm) and presented as mean 6 SEM. t-test was used to compare data between frmpd4-KO mice (n ¼ 15) and WT littermates (n ¼ 15). *P < 0.05 was considered statistically significant. Note that no significant difference was identified between WT and frmpd4-KO in these tests suggesting a normal working memory function. Morris water maze is used to test hippocampus dependent spatial reference memory. (C) Training trials: mice were subjected to four, 1-min swim trials each day in the water maze to locate a hidden platform using multiple spatial signs. The time to reach the platform is an average of 4 trials for each mouse, n ¼ 15 mice per group. Note that frmpd4-KO mice showed slow progression in reducing time needed to locate the platform compared with WT. (D) Probe trial: after the training trial, mice were subjected to one 3-min trial of free swimming in maze without the platform. Time spent probing the quadrant where the platform was located during training trial and total number of crosses to the platform region were automatically tracked and compared between frmpd4-KO and WT control mice. Note the reduced number of crosses to the platform site in the frmpd4-KO. MEAN 6 SEM was presented. t-test was used to compare data at each test point between WT and frmpd4-KO mice. *p< 0.05 was considered statistically significant. Note frmpd4-KO mice (n ¼ 15) showed significantly reduced number of crosses to the platform site compared with WT littermates (n ¼ 15) suggesting a deficit in the spatial reference memory function. plasticity at the excitatory synapses on pyramidal neurons in cerebral cortex, and deficits have important implications for normal cognition and memory function (14) (15) (16) . Abnormalities of dendritic spine density and/or morphology are associated with several intellectual disability syndromes including Fragile-X syndrome (17, 18) , Down syndrome (19) , Rett syndrome (20) , CDKL5-, PAK3-and KIAA2022-related encephalopathies (21, 22) and several neuropsychiatric disorders such as autism spectrum disorders, schizophrenia, and Alzheimer's disease (23) (for review, see Martinez-Cerdeno, 2017) (24) . We speculate that FRMPD4 p.Cys618ValfsX8 and other FRMPD4 loss-of-function mutations involving WW, FERM, and PDZ domains contribute to cognitive impairment in our patients through a similar mechanism. FRMPD4 binding to Homer1 is required for the formation of a FRMPD4-Homer1-PDKs-mGluR1/5 complex, which is regulated by ERK phosphorylation at the Homer binding site (11) . This site-specific phosphorylation enhances Homer and mGluR5 interaction, which down-regulates mGluR5 signaling. Consistent with this model, frmpd4-KO mice exhibit an exacerbated mGluR5 signaling in hippocampus (11) and deficits in hippocampus-dependent spatial learning in Morris Water Maze. Abnormally enhanced mGluR1/5 signaling has been implicated in the pathogenesis of human ID syndromes including Fragile-X syndrome (25, 26) and SYNGAP1 haploinsufficiency (27) . In our study, FRMPD4 p.Cys618ValfsX8 is predicted to result in a truncated protein of 624 amino acids lacking the Homer1 binding site. Consistently, our studies confirm a lack of FRMPD4 p.Cys618ValfsX8 binding with Homer1c in Co-IP assays. We speculate that defect in the proper assembly of the FRMPD4-Homer1-PDKs-mGluR1/5 complex, which leads to an enhanced mGluR1/5 signaling contributes to the cognitive impairment caused by FRMPD4 mutations in our patients.
In conclusion, our studies identified several FRMPD4 deleterious mutations in males with ID in the context of X-linked inheritance. Our data support the hypothesis that alteration of FRMPD4 function caused by these mutations contributes to cognitive impairment. Further supporting this hypothesis, frmpd4-KO mice exhibit a deficit in the hippocampus-dependent spatial learning and memory. Based on current understanding of FRMPD4 functions and data from functional studies hereby presented, we speculate that defects in dendritic spinogenesis and/or abnormally enhanced mGluR5 signaling are major determinants of ID in FRMPD4 deficiency-related XLID. Although two FRMPD4-related genes with similar domain structures, FRMPD3 (PRESO2; KIAA1817; Xq22.3) and FRMPD1 (PRESO3; 9p13.2) (28), are known to express abundantly in brain and spinal cord (11), our results suggest that they are not functionally redundant since FRMPD4 deficiency alone is sufficient to cause the phenotype in our patients.
Materials and Methods
Study patients
Patients with XLID and normal control males were recruited by investigators at the respective institutions in Belgium, Canada, France, Poland, and the United States. The human subject research protocols for these studies have been approved by the Institutional Review Boards (IRBs) at the respective institutions. An informed consent was obtained from each study patient and/or their parents or legal guardians. Patients enrolled in this study were evaluated by clinical geneticists and other specialists and underwent comprehensive laboratory studies for ID. All patients were found to have a normal karyotype, negative molecular testing for Fragile X syndrome, and a negative screen for common inborn errors of metabolism. A blood sample was collected from affected individuals and family members to establish EB-transformed lymphoblast cell lines and prepare genomic DNA for sequencing and mutation screening.
Exome-based sequencing and molecular cytogenetics screening
Whole exome sequencing and X-chromosome exome sequencing for mutation identification in the probands of XLID families were conducted as described (12, 29) . Sanger-based sequencing was used to confirm individual mutations and to perform segregation analysis in the respective probands' families (12, 29) . Array Comparative Genomic Comparation (aCGH) was performed using Agilent's CGX TM HD microarray (PerkinElmer) for identifying the microdeletion of FRMPD4-exon2 in Family 2, according to the manufacturer's instructions.
Antibodies
The following antibodies were previously described or obtained commercially: mGluR5 from Upstate; pS-mGluR5 was described previously (30) ; myc (mouse monoclonal 9E10) from Millipore; FRMPD4 were generated and described before (11) .
Cell culture and transfection
HEK293T cells were cultured in DMEM medium with 10% FBS. Transfections were performed with X-tremeGENE HP to manufacture's specifications (SigmaAldrich). Cells were harvested 2 d after transfection.
Coimmunoprecipitation assay and immunobloting
HEK293T cells were used for the coimmunoprecipitation assay as previously reported. Briefly, 500 microliters of immunoprecipitation buffer (PBS, pH 7.4, with 5 mM EDTA, 5 mM EGTA, 1 mM Na 3 VO 4 , 10 mM sodium pyrophosphate, 50 mM NaF, and 1% Triton X-100) containing Complete EDTA-Free protease inhibitors (Roche) was added and samples were sonicated. After centrifugation, the supernatant (300 ll) was then mixed with 2 lg of myc antibody for 3 h at 4 C. Then 50 ll of 1: 1 protein GSepharose slurry was added for an additional 1 h. The protein beads were washed three times with immunoprecipitation buffer containing 1% Triton X-100. The protein samples were eluted with SDS loading buffer and separated electrophoretically using NuPAGE 4-12% Bis-Tris gels (Invitrogen) and transferred to an Immobilon-P PVDF membrane (Millipore). The membrane was blocked with blocking buffer for 1 h at room temperature, followed by incubation with primary antibody in PBS buffer overnight at 4 C. After three washes with PBS buffer, membranes were incubated with 680-conjugated anti-rabbit, or anti-mouse antibody in PBS for another hour. After three washes with PBS buffer, the membrane was scanned with Licor imaging system according to the manufacturer's protocol (LI-COR Biosciences).
Neuronal culture and transfection
Neuronal hippocampal cultures from embryonic day 18 pups were prepared as reported previously (31) . 1 Â 10 6 neurons were added to each 60mm plate (Corning) with 5 coverslips coated with poly-L-lysine. Growth medium consisted of MEM (Invitrogen) supplemented with 1% FBS (Hyclone), 2% B27, 1% glutamine (Invitrogen), 100 U/ml penicillin, and 100 U/ml streptomycin (Invitrogen). Neurons were fed twice per week with glia-conditioned growth medium. Neuronal transfections were performed with lipofectamine-2000 (Invitrogen) and analyzed 24 h later.
Immunocytochemistry, confocal imaging, and analysis
Neurons were washed in 4% sucrose in PBS twice and then fixed with 4% Paraformaldehyde (PFA) and 4% sucrose in PBS for 10 min. After washing with PBS twice, fixed neurons were permeabilized in 0.2% Triton X-100 for 10 min. They were subsequently blocked for 1 h at room temperature in 10% goat serum before incubating with anti-GFP-488 antibody for 1 h at RT. After washing, neurons were mounted on slides in Prolong gold (Invitrogen). Immunofluorescence was viewed with an LSM 710 confocal microscope using a 63x oil-immersion objective, 1024 x 1024 resolutions and scan speed of 7, 12-bit pixel depth and scan average of 8. The optimal pinhole diameter, gain and offset were determined for each fluorophore using the Palette function. Once the optimal pinhole, gain and offset were determined, these were kept constant throughout. Images were analyzed by Neurolucida 360 using the default settings with minor modifications.
Rodent behavioral testing
Animals Frmpd4-KO mice were generated by the traditional genetargeting method and bred onto C57BL6/J congenic strain background as described (11) . A complete lack of FRMPD4 expression was verified by immunoblots of brain lysates of frmpd4-KO mice (11). Frmpd4-KO mice were viable and fertile, and show similar physical growth, and breeding behaviors compared with WT mice. Mice were genotyped using PCR of tail DNA following a published protocol (11) . Adult male frmpd4-KO (n ¼ 12-15) and male WT littermate controls (n ¼ 12-15) between 2-4 months of age were studied using standard behavioral tests for the rodent. Mice were housed in temperature-controlled rooms with 12 h light/dark cycle (9: 00 and 21: 00) and had free access to water and standard mouse chow. Animal breeding and procedures were conducted in strict accordance with NIH Guide for Care and Use of Laboratory Animals. An animal research protocol for this project was approved by the Johns Hopkins University Animal Care and Use Committee.
Behavioral tests
Mouse behavioral tests were conducted at Animal Behavioral Core of the Johns Hopkins University School of Medicine following standard testing protocols (http://www.brainscienceinstitute. org/index.php/cores) as described (32) (33) (34) The total number of spontaneous alternations divided by the number of total possible alternations was recorded and analyzed. The second and third trials were run seven days after the first trial. During the second trial, one of the arms, chosen randomly for each mouse prior to the test, was blocked. The test mouse was allowed to explore the two unblocked arms for 5 min followed by a resting period of 10 min. During the third trial, the test mouse was returned to the maze with all three arms open and allowed to explore for another 5 min. The third trial was analyzed for time spent in the arm blocked during the second trial. The data were analyzed for the first 2 min and full 5 min of trial 3 and compared between the WT and KO cohorts.
Morris water maze
Morris water maze for spatial reference memory was tested in male Frmpd4-KO and male WT littermate control mice. A standard water maze (120 cm in diameter) containing deep, opaque water (25 C) was set up with a rescuing platform (10 cm x 10 cm) 1 =2 inch below the water surface and Four large Patterned signs as spatial cues were placed on the inner walls of the tub to distinguish each quadrant. An automatic tracking system was used to document latent and swimming time, swimming paths, time spent in each quadrant, and the number of crosses over hidden platform regions. On day 1, mice were subjected to four, 1-min swimming trials in the maze to locate the platform marked with a cue (flag). In each of the four trials, the platform was placed in a different quadrant of the maze. On each of the 5 consecutive training days, the platform cue was removed. Each of the 30 mice went through four trials starting in each of the four quadrants and was allowed to swim until it found the hidden platform placed at a fixed quadrant of the maze, or for 60 s. After finding the platform the mouse was left on the platform for 10 s or, if the mouse did not find the platform in 60 s, was placed on the platform for 10 s. After each trial, the mouse was dried and placed under a heat lamp for approximately 30 min until its next trial. The order of the mice was randomized each day but kept consistent within the four trials in one day, and the order of starting quadrants was different each day but consistent within one day. On the final probe day, the platform was removed and each mouse went through one trial starting in one of the two quadrants farthest from the platform, randomized so that 8 KO and 8 WT started in one quadrant and 7 KO and 7 WT started in the other. Each mouse was allowed to swim for 90 s and both the time spent in the platform quadrant and the number of times the mouse crossed over where the platform was previously situated were automatically recorded and compared between the cohorts of WT and KO mice.
Statistical analysis
Statistical analyses of behavioral testing data were performed using a two-tailed t-test for comparison of the means of two independent samples and two-way ANOVA followed by t-test post hoc for multiple comparisons. Behavioral data were presented as mean 6 SEM; P < 0.05 was considered statistically significant.
Supplementary Material
Supplementary Material is available at HMG online.
